SUMMARY To clarify the pathogenesis of chest pain in patients with cardiomyopathies, we compared coronary blood flow and other indicators of ischemia at rest and during pacing-induced tachycardia in nine patients with cardiomyopathy (four hypertrophic and five congestive) and in five control subjects. Coronary blood flow was reduced at rest and during pacing in cardiomyopathy patients compared with controls. In patients with hypertrophic cardiomyopathy, pacing induced chest pain in all, increased ST-segment depression in three patients and increased coronary venous lactate concentration. With pacing, two of five patients with congestive cardiomyopathy had chest discomfort and three had increased ST-segment depression, but coronary venous lactate concentration did not change significantly. In both groups of cardiomyopathies, the ratio of the systolic and diastolic pressure-time indexes tended to decrease more than in controls during pacing. Thus, myocardial perfusion is decreased in patients with cardiomyopathy, both at rest and during pacing. The changes detected during pacing point to subendocardial ischemia as the likely mechanism for angina in hypertrophic and possibly also in congestive cardiomyopathy.
CHEST PAIN is a frequent symptom in patients with cardiomyopathy: 39-72% of patients with idiopathic hypertrophic cardiomyopathy experience anginal pain,"' 2 and as many as 52% of patients with congestive cardiomyopathy report vague chest pain,-despite the presence of normal or even dilated coronary arteries. 4 Heart Institute. Four patients had hypertrophic obstructive cardiomyopathy and five congestive cardiomyopathy. The definition for hypertrophic cardiomyopathy was a left ventricular mass greater than 120 g/m2, a normal end-diastolic volume, and an ejection fraction greater than 0.50. In addition, these patients had either resting or postextrasystolic left ventricular outflow obstruction measured with two catheters (transseptal and retrograde) and met the echocardiographic criteria for asymmetric septal hypertrophy.7 Congestive cardiomyopathies were defined by left ventricular mass greater than 110 g/m2, increased enddiastolic volume and an ejection fraction less than 0.45.10 Four patients with marked congestive heart failure required digitalis and diuretics; those medications were not discontinued before the study. However, f-blocking agents were discontinued in all patients as least 1 week before the study.
During the same period, five subjects referred for the evaluation of vague and atypical chest pain were selected as controls because their clinical, hemodynamic, angiographic and cinecoronary arteriographic examinations were normal.
Hypertension, valvular heart disease, pulmonary disease, pericardial disease, diabetes mellitus, and coronary artery stenosis greater than 40% were exclusion criteria for the study. Mitral valve prolapse was excluded on the basis of a normal bidimensional echocardiogram and a normal left ventricular angiogram.
Diagnostic Procedure
After premedication with i.m. meperidine, 50 mg, and i.m. promethazine, 25 mg, right and left cardiac catheterization was performed in the fasting state. In all patients in whom a hypertrophic cardiomyopathy was diagnosed by echocardiography, the left ventricular pressures were measured transseptally, simultaneously with the aortic pressure. A Brockenbrough test was performed in all patients. Left cineventriculography was performed in the 300 right anterior oblique projection, during the injection of 45-50 ml of Renografin-76 (meglumine diatrizoate) at a rate of 18 ml/sec. Selective coronary arteriography was performed in multiple views using a percutaneous femoral technique."
Investigative Procedure
The investigative procedure was performed within 1 week of the diagnostic study. The protocol was explained to each patient and informed consent was obtained before the procedure. The patients received the same premedication as for the diagnostic procedure. A #8F polyethylene catheter was advanced retrogradely through the aorta to the left ventricle. A 100-cm #7F Ganz thermodilution catheter (Wilton Webster) was inserted from the right antecubital vein into the main coronary sinus. The external thermistor or distal pacing electrode of the Ganz catheter was positioned just inside the coronary sinus ostium and was maintained in that position throughout the study. To measure total coronary sinus blood flow and avoid hyperselectivity of the catheter tip in the great cardiac fluoroscopy and filmed in anteroposterior and 30°r ight anterior oblique views during injection of 3 ml of Renografin-76. LVET.111 Left ventricular minor -diameter at end-diastole (EDD) and left ventricular minor diameter at end-systole (ESD) were both derived by the arealength method, which takes into account the overall systolic motion of the left ventricular wall and thus minimizes the errors related to regional wall motion disorders and corrects in part the asymmetric shape of the left ventricle in patients with hypertrophic cardiomyopathy. Left ventricular ejection time (LVET) was measured from left ventricular and central aortic pressure tracings recorded immediately before ventriculography. There were no appreciable changes in heart rate during the filming of the angiograms. The beginning of LVET was defined by the z point of the left ventricular pressure tracing, i.e. immediately after the a wave, when it was present or, in its absence, by the time of the measurement of left ventricular enddiastolic pressure (0.05 second after the peak of QRS).
The end point of LVET was the time of occurrence of the dicrotic notch of the aortic pressure. This technique of measurement is different from that suggested by Karliner et al. 18 However, it takes into account the actual preejection period, which is significantly lengthened in patients with congestive cardiomyopathies and shortened in patients with significant mitral regurgitation.
Coronary sinus blood flow was calculated using the formula of Ganz et al. ' secutive cardiac cycles. In patients with atrial fibrillation, DPTI and SPTI were measured over 10 consecutive cardiac cycles. These values were identical to those obtained during ventricular pacing at a rate exceeding slightly the basal ventricular'response.
During pacing, ventricular and aortic pressure curves were obtained sequentially by withdrawal (except in one patient in whom the transseptal procedure was repeated), but because the pacing rate remained constant, the ventricular and aortic tracings were easily superimposed.
The chest pain observed during pacing was graded by two cardiologists as follows: grade 1 -slight and vague discomfort over the chest; grade 2 -retrosternal tightening of the chest; and grade 3 -intense constrictive retrosternal chest pain.
A standard 12-lead ECG was recorded every 30 seconds throughout the procedure. ST-segment depression was measured at the beginning of the procedure and immediately after discontinuation of pacing in leads V3-V6 and graded as follows: 0 -no change; 1 -downward ST-segment shift > 1 mm; 2 -downward shift . 2 mm; and 3 downward shift > 3 mm.
Statistical Methods
The differences between the three groups at rest and during pacing were analyzed using analysis of variance. Because there were differences in the resting variables, group differences during pacing were analyzed by adjusting for group resting values (analysis of covariance).
Results
The clinical and angiographic data, the hemodynamic data at rest and during pacing, and the metabolic data and indicators of ischemia at rest and during pacing are presented in tables 1, 2 and 3. A summary of the descriptive variables, which represent the selection criteria, is presented in table 4. Table 5 gives the resting values for the determinants of myocardial oxygen supply and demand. Left ventricular end-diastolic pressure was significantly increased in both groups of cardiomyopathies. Heart rate was higher in congestive than in hypertrophic cardiomyopathies, whereas left ventricular systolic pressure was higher in hypertrophic than in congestive cardiomyopathies. Table 6 shows the changes induced by pacing on the determinants of oxygen supply and demand. Although changes in heart rate were comparable for the cardiomyopathy patients and control subjects, the magnitude of the pacing effect after adjustment for the resting value was more marked for hypertrophic cardiomyopathies. The cardiac output decreased only in hypertrophic cardiomyopathies, but the magnitude of change was not significantly different from that in congestive cardiomyopathies.
Left ventricular systolic pressure decreased less during pacing in patients with cardiomyopathies than in controls; aortic diastolic pressure increased only in hypertrophic cardiomyopathies. Left ventricular enddiastolic pressure tended to increase in hypertrophic of cardiomyopathies, DPTI/SPTI tended to decrease more than in controls during pacing. These observations suggest that subendocardial ischemia is the likely mechanism for the angina during stress in hypertrophic cardiomyopathies. Although the changes were less consistent in patients with congestive cardiomyopathies, a similar mechanism may be operative in those patients.
Measurement of Coronary Blood Flow
The assumption that total coronary sinus blood flow represents the left ventricular myocardial blood flow could be questioned. It is based on Hood's observation19 that 96% of the small veins arising from the left ventricular free wall and the intraventricular septal myocardium drain into the coronary sinus. In only 5% of subjects does the posterior interventricular vein drain directly into the right atrium. Thus, when the left coronary system is normal, as in all of our subjects, the coronary sinus blood flow provides an adequate assessment of the left ventricular myocardial blood flow. We assumed that the fraction correspond- ing to the drainage of the right coronary artery was negligible. The values obtained by this technique were similar to those obtained by radioisotope technique for total left coronary blood flow. 22 The mean value for coronary blood flow in our control group (93 ml/min/ 100 g) was similar to the values reported by Goodale and Hackel23 (96 ml/min/100 g) and by Rowe24 (80 ml/min/ 100 g), but higher than that found by Weiss et al.' using xenon-133 (64 ml/min/100 g). However, the angiographic left ventricular mass calculations may be inaccurate in patients with cardiomyopathies, especially in patients with asymmetric septal hypertrophy. In our series, the values for left ventricular mass in patients with hypertrophic cardiomyopathies were smaller than those reported in pathologic series.25 Thus, the coronary blood flow values in our patients could be spuriously increased due to underestimation of left ventricular mass. In addition, despite the good overall correlation between "functional" and "angiographic" left ventricular mass,26 discrepancies can occur in individual patients because of myocardial fibrotic areas25' 27 causing a possible overestimation of functional left ventricular mass; this, on the contrary, would tend to lower unduly the values of the coronary blood flow per 100 g. However, compared with normal controls, the relative reduction of myocardial perfusion in our patients with cardiomyopathies was of the same magnitude as that reported by Weiss et al.8 with the xenon-133 technique.
Mathey et al. 28 suggested that thermodilution coronary sinus blood flow measurements can sometimes be at fault because of the possibility of right atrial reflux. The occurrence of right atrial reflux appears unlikely in our study, as the position of the thermodilution catheter was documented both in the resting state and at the end of the pacing study. No discrepancy between the coronary blood flow measurements in patients paced from the coronary sinus and those in patients paced from the right ventricle was apparent in our study. In addition, significant reflux from the right atrium to the coronary sinus would tend to increase measured blood flow, whereas the values measured in our series indicate a decreased blood flow. Additional evidence against the possibility of right atrial reflux is that the coronary sinus oxygen content remained low. Finally, the spurious results reported by Mathey et demands are the result of the resting tachycardia, the increase in end-diastolic volume and the lengthening of the preejection phase. The overall result of pacing is to further increase these oxygen demands. These increased myocardial oxygen needs are reflected in part in the measurement of the SPTI area. Concomitantly, the major determinants of potential subendocardial supply as represented by the DPTI area31' 32 are compromised in patients with cardiomyopathies and may be further compromised during pacing: The diastolic transmural pressure is decreased because of the low diastolic aortic pressure (even though it increases somewhat during pacing in hypertrophic cardiomyopathies) and the elevated left ventricular diastolic pressure; the diastolic filling period tends to be reduced because of the prolonged systolic ejection time.
Another possible limiting factor to subendocardial blood supply is the cardiomyopathic process itself, because of the following factors: It may prevent the complete vasodilatation postulated in the calculation of the potential endocardial blood supply in the presence of oxygen demands.32 Thus, the actual subendocardial flow would be less than expected for a given DPTI. In fact, in toxic cardiomyopathy, Regan et al.38 observed concentric periarterial fibrosis, which may restrict further coronary vasodilatation during periods of high blood flow requirements and thus contribute to myocardial infarction in these patients.
In addition, St. John Sutton et al.37 observed in patients with idiopathic hypertrophic subaortic stenosis and angina a significant reduction in the peak rate of diastolic thinning. This may contribute to the slower decrease in wall tension,38 thereby shortening the time available for diastolic coronary blood flow. The development of incoordinate septal contraction and relaxation, observed in the most advanced forms of IHSS, can also result in reduction of intramyocardial blood flow.37
The apparent discrepancy between the presumed subendocardial ischemia and the lack of lactate production could arise from a redistribution of flow in the myocardium, making it impossible to detect lactate production from an integrated coronary sinus sample. The supply: demand ratio has been developed from experimental data to predict relative subendocardial blood flow (the inner: outer ratio), not total or transmural flow;39 this may account for the relative obstruction. Beta blockade lowers myocardial oxygen requirements by decreasing heart rate, wall tension and contractility.40 41 All of these factors are reflected, in part, in the decrease in SPTI. Simultaneously, the negative chronotropic effect and the increase in perfusion pressure, due to a decrease in left ventricular end-diastolic pressure42 and a possible increase in aortic diastolic pressure, tend to increase DPTI, which reflects the subendocardial oxygen supply. Swedberg et al. 43 recently confirmed the beneficial effect of chronic ,B blockade in patients with congestive cardiomyopathy; the reduction of the inappropriate sympathetic cardiac stimulation decreases the tachycardia and results in improved cardiac function, possibly through improved subendocardial perfusion. In both types of cardiomyopathy, caution must be exercised because the decreased sympathetic stimulation of the heart induced by /3-adrenergic blockade tends to increase left ventricular end-diastolic volume and thus to increase wall tension at any left ventricular systolic pressure.44 In addition, 44-adrenergic blockade can result in progressive sodium retention, which leads to increasing fluid accumulation and edema.44 Values are mean ± SEM. Abbreviations: HR = heart rate; CO = cardiac output; LVSP = left ventricular systolic pressure; AoDP = aortic diastolic pressure; LVEDP = left ventricular end-diastolic pressure. Recently, calcium antagonists have proved useful in the management of hypertrophic and congestive cardiomyopathies. Nifedipine improved diastolic function after sublingual administration, and this improvement was maintained after the initiation of long-term nifedipine therapy.4' The shortening of isovolumic relaxation time as well as the significant decrease of left ventricular diastolic pressure contribute to the improvement of subendocardial perfusion through an increase in DPTI. In addition, the reduction in afterload induced by nifedipine decreases SPTI and facilitates subendocardial perfusion. Both mechanisms of action are also likely to improve subendocardial perfusion in congestive cardiomyopathies.
Verapamil has also been proposed for the treatment of hypertrophic cardiomyopathy. '6 Hanrath et al.47 showed that the abnormal prolongation of the left ventricular relaxation time in patients with hypertrophic cardiomyopathy can be significantly shortened by i.v. verapamil. Thus, as with nifedipine, the improvement in left ventricular filling can contribute to a decrease in subendocardial ischemia, which has been identified as a mechanism of ventricular fibrillation in hypertrophic cardiomyopathy.48 hypertension.5 Measures to prevent the development of high blood pressure would presumably be even more effective. It is generally accepted that weight, heart rate, blood glucose, salt and alcohol consumption, hematocrit and smoking status correlate with blood pressure levels.68" However, with few exceptions, these studies have been cross-sectional, so it is not clear whether these correlated conditions predate, accompany, or occur after elevation in blood pressure. Data collected by the Normative Aging Study allow prospective examination of the effects of these and other factors on the subsequent rate of change in blood pressure and on the development of elevated levels of blood pressure. A sample of men recruited from the Boston area has been under surveillence since 1963. The subjects who were initially normotensive
